Strain FC1, a wild-type isolate of the phytopathogenic fungus Fusarium oxysporum, is resistant to nifuroxime, a nitrofuran derivative. Mutants sensitive to this compound arise at high frequency by vegetative segregation. Resistance to nifuroxime is inherited as an extranuclear marker in crosses between a nifuroxime-sensitive variant and the wild-type. Nifuroximesensitive strains are also unable to express an exopolygalacturonase activity present in the wildtype. For one strain tested, it was shown that the ability to parasitize a susceptible tomato plant variety was also lost. Loss of nifuroxime resistance was concomitant with the loss of a 46.7 kb circular DNA molecule.
INTRODUCTION
Nitrofuran derivatives, a class of heterocyclic compounds, exhibit antibiotic activity against a range of organisms as diverse as bacteria, yeasts, fungi and algae (McCalla, 1979) . Some of these agents are widely used in clinical and veterinary practice; others are employed for a variety of industrial and agricultural purposes. Our present knowledge concerning the mechanisms of action of nitrofurans is limited. They are metabolized when taken up by the cells, and the metabolic intermediates thereby produced appear to be more toxic than their parent compounds. DNA may represent a target for nitrofurans (Tu & McCalla, 1975) . Some of these drugs are mutagenic to bacteria, and bacterial strains impaired in repair functions are hypersensitive to inhibition (Jenkins & Bennett, 1976) . Resistance to nitrofurans is rarely encountered in nature (McCalla, 1979) .
We have determined the effect of a specific nitrofuran, namely nifuroxime (5-nitro-2-furaldehyde oxime), on the growth of several micro-organisms, Nifuroxime was confirmed to be toxic to bacteria and yeasts, as already reported (for review, see Grunberg 8z Titsworth, 1973) . It was inhibitory to Voluox, a multicellular alga (P. Donini, personal communication), to Aspergillus nidulans (G. Grimaldi, unpublished observation) , to Daucus carota cells cultured in vitro (F. LoSchiavo & J. Guardiola, unpublished results) , and to human cells grown in uitro (I. Coraggio & J. Guardiola, unpublished results) . It also inhibited seed germination in Lens esculenta (J. Guardiola, unpublished observation) . During the course of this screening it was found that of all organisms tested, only the fungus Fusarium oxysporum f.sp. Zycopersici, a wilt pathogen of tomato plants, was resistant to nifuroxime at concentrations as high as 100 pg ml-I. In this paper we report that nifuroxime-sensitive derivatives of a wild-type F. oxysporum strain can be isolated at high frequency. 
METHODS
Chemicals. All substances were of the highest purity commercially available. Nifuroxime was a gift of the Norwich Pharmaceutical Co., Norwich, New York, U.S.A.
Media and strains. Rich broth (pH 7-0) was as used by Guardiola & Iaccarino (197 1) . Oatmeal agar plates were prepared according to Difco specifications. Polypectate medium was prepared as described by Hildebrandt (1971) . Strain FC1, a wild-type isolate of the imperfect fungus Fusarium oxysporum f.sp. lycopersici, is pathogenic to tomato plants and was from the collection of F. Cervone; the strain is free of bacterial and yeast contamination. All the strains used during this work are listed in Table 1 . They were grown at 33 "C in rich broth to which nalidixic acid, streptomycin and chloramphenicol (all at 20 yg ml-l) had been added; the pH of the medium was lowered by adding a few drops of D-lactic acid.
isolation of nifuroxime -sensitive (Nfx") derivatives from strain FCl. Microconidia of strain FCl were collected by filtering a 1-week-old culture through a triple layer of Whatman no. 1 filter paper. Nfx" microspores were concentrated by filter enrichment (Fincham & Day, 1971) . A nifuroxime concentration of 35 yg ml-l was sufficient to inhibit both spore germination and mycelial growth. Induction of Nfxs mutants by heat-shock was performed as follows: a washed fragment of mycelium grown in rich broth was transferred to fresh rich broth and incubated at 42 "C for 3-4 h; the suspension was then transferred to 25 "C for a further 5 h; the spores were finally collected by filtration and analysed for sensitivity or resistance to nifuroxime. The Nfx" variants had a fluffy and whitish appearance on tryptone plates and became purple on oatmeal agar plates.
Isolation of cacodylute-resistant (CaF) and wdoacetate-resistant (lac?) mutants. Several substances, including a number of amino acid analogues, were tested in order to select nuclear mutations. [The isolation of auxotrophic mutations was not considered to be a suitable method since auxotrophy interferes with both pathogenicity and the purple penotype (Sanchez et al., 1975) .] Iodoacetate and cacodylate at concentrations of 3 mg ml-l and 2 mg ml-l, respectively, were the most satisfactory for (i) the stability of the mutations obtained, (ii) the lack of residual growth of the sensitive strains in the presence of the indicated concentrations of the inhibitors, and (iii) the conidial ratios of heterokaryons, these approaching 1 : 1 -a value infrequently observed when pairs of auxotrophic mutations are combined (Sanchez et al., 1976) . The concentrations chosen were such that the inhibitors used had the same effect on both the spores and mycelium of the parental strain. In order to select mutants, lo8 spores collected by filtration and concentrated by centrifugation were plated in the presence of the chosen inhibitor and incubated at 33 "C until colonies appeared. Some of the resistant clones were further purified by repeated single spore isolation.
Heterokaryon test. Iac' Cac' heterokaryons from strain FC4 (Nfx' Iac' Cac") and strain FC5 (Nfxs IacS Cac') were selected and analysed according to Sanchez et al. (1976) . DNA purijication. DNA was extracted from strain FC1 and strain FC3 grown in liquid medium at 33 "C in the presence of antibiotics to avoid bacterial contamination, by a modification of the method of Clewell & Helinski (1969) . Alternatively, the cells were ground in a mortar with liquid nitrogen in a hypertonic medium ( 0 . 6~-sorbitol) and fractionated by differential centrifugation, The nuclear pellet and the mitochondria1 pellet were sedimented at 30008 for 10 min and at 17000g for 30 min, respectively, and extracted with 1 % SDS. DNA from each fraction was analysed on 0.4% agarose gels, run overnight at 25 mA in either Tris/acetate or Tris/borate buffer.
Polygulacturonase assays. Polygalacturonase activity was determined either viscosimetrically or by assaying the reducing groups exposed on enzymic hydrolysis (Cervone et al., 1977) .
Electron microscope determinations. The concentration of DNA, after extraction of ethidium bromide and dialysis, was adjusted to 1 yg ml-l 100 M-Tris/HCl and 10 mM-EDTA, pH 8.5. Spreading was performed according to Davis et ul. (1971) from a 25% formamide hyperphase on to distilled water. The grids were examined in a Siemens Elmiskop IA electron microscope at 75 kV. Plasmid pBR322 (4362 bp), spread and photographed under the same conditions, was used as a size marker. Measurements were carried out on enlarged tracings with the aid of a Tektronix 4956 graphic tablet connected to a 4051 computing system. Pathogenicity tests. The pathogenicity of strains FCl and FC3 was checked by inoculating young seedlings of tomato plants (var. Bonny Best). The seedlings, several root tips of which had been cut, were immersed for a few minutes in a homogenized suspension of mycelium and spores from a 1-week-old culture of the test strain. The seedlings were then planted in sterile soil moistened with the fungal suspension and placed in a growth room with a 12 h photoperiod. Seedlings treated with sterile water were used as controls. Wilt symptoms were recorded after at least 3 weeks.
RESULTS

Resistance of strain FCl to nitrofurans
The effect of three different nitrofuran derivatives on the growth of strain FC1 was tested by inoculating a drop of spore suspension or a small piece of mycelium on to the centre of tryptone or oatmeal agar plates supplemented with the drugs. The substances tested were nitrofurantoin (a typical antibacterial nitrofuran) and nifuroxime and furazolidone (both compounds which are used for the control and eradication of yeast infection of the human genital tract). None of these compounds, at concentrations up to 100 yg ml-l, was effective in inhibiting the growth of strain FC1. In contrast, a variant of strain FCl, isolated solely on the basis of its altered morphology, was found to be sensitive to nifuroxime and furazolidone, but not to nitrofurantoin; in fact, the variant, when inoculated on plates containing nifuroxime at 35 pg ml-l, was unable to grow even after 8 d incubation at 33 "C, while in a parallel experiment a piece of FC1 mycelium on the same medium had reached a diameter of 3.5 cm at the end of the incubation period. The growth of the two strains on plates without nitrofurans did not differ significantly. Both spore germination and mycelial growth of the morphological variant were inhibited. To reproduce and extend these observations to strains of known lineage, we isolated independent nifuroxime-sensitive mutants from strain FC1.
Isolation of drug-sensitive mutants from strain FCl
When strain FC1 was propagated by single spores, Nfxs strains arose spontaneously at a frequency of to The Nfxs spores were enriched by liltration (Fincham & Day, 1971 ) and analysed. Both spore germination and mycelial growth of the Nfxs mutants were inhibited at the nifuroxime concentrations used. The mutation frequency was not notably increased on treatment of the spores with ethidium bromide at concentrations up to 250 yg ml-l, neither was it affected by growth in the presence of bactericidal concentrations of several wide-spectrum antibiotics. On the other hand, when a piece of washed mycelium was incubated in rich medium at a supra-optimal temperature (42°C) for several hours, the spores collected from such a culture, after further incubation at 25 "C for several hours, gave rise to Nfxs colonies at very high frequency. In one experiment, Nfxs mutants comprised more than 60% of the resulting population. Several examples are known in which elevated temperatures produce a high yield of variants exhibiting extra chromosomal inheritance (Jinks, 1964) . Elimination of bacterial plasmids by growth at a supra-optimal temperature has also frequently been observed.
The spontaneous frequency of reversion of nifuroxime sensitivity to resistance was monitored by plating serial dilutions of microconidia from some of the Nfx" strains on selective media. No reversion was observed (frequency < Addition of nitrosoguanidine crystals to the centre of the seeded plates did not increase the reversion rate in the surrounding area.
Genetic tests
Genetic proof of the extranuclear nature of nifuroxime resistance was sought by analysis of patterns of inheritance (Jinks, 1964) . Even in fungi inperfecti such as F. oxysporum, it is possible to discriminate between a nuclear marker and a cytoplasmic one. In fact, when hyphae of two strains with genetically labelled nuclei anastomose under appropriate conditions, a mixed cytoplasm is formed which contains both kinds of nuclei. These nuclei can then segregate on non-selective medium when, as in the case of F. oxysporum (Sanchez et al., 1976) , uninucleate spores are formed. Nuclear markers segregate giving a 1 : 1 ratio (ideally) and only parental classes are rescued. Cytoplasmic markers behave differently in that they also segregate with nuclear markers of the other parent. (b) Track A, total DNA extracted from strain FCl mycelium (10 g); track B, DNA extracted from the 17 OOOg pellet of strain FCl mycelium; track C, total DNA extracted from strain FC3 mycelium (20 g wet wt). The slots were overloaded in order to show the presence or absence of the non-chromosomal band in strain FC3 extracts; this caused smearing, anomalous migration and heavy background. Nifuroxime resistance in Fusarium oxysporum 2239 Putative Iac' Cac' balanced heterokaryons (containing a mixed cytoplasm) were obtained from strain FC4 (Nfx' Iac' Cats) and strains FC5 (Nfxs IacS Cac') as described in Methods. The purified heterokaryons were then allowed to segregate into their parental components. As shown in Table 2 , the Iacr CacS (42%) and the IacS Cac' (58 %) parental classes were recovered on segregation, but the Iac' Cac* class (0%) was not. The absence of the latter class shows that the two markers are associated with the nuclei and also confirms that carry-over of multinucleate macroconidia is not a major problem. The nifuroxime resistance marker segregates independently of its companion marker Iac', since the newly formed Nfx' Iacs Cac' (56.5 %) and Nfxs Iac' CacS ( 1 %) classes appeared among the progeny. This result indicates that the Nfx' phenotype is extranuclearly inherited since it is assorted with markers of the other nucleus in the absence of nuclear fusion.
J . G U A R D I O L A A N D O T H E R S
Search for a DNA species correlated with resistance to nifuroxime When total DNA extracts from strain FC1 were examined by gel electrophoresis, a DNA band distinct from chromosomal DNA was observed (Fig. l a , track A) . This material was shown to be DNA by its sensitivity to Hind111 restriction enzyme digestion; the conversion of the band to a slower migrating species upon prolonged storage at 4 "C suggests that it contained supercoiled circular DNA (see Fig. l a , track A) . Samples of FC1 DNA were also examined under the electron microscope and shown to contain a homogeneous class of 46.7kb circular DNA molecules (see Fig. 2 and below) . The extra DNA band seen in total extracts was found mainly in the cytoplasmic fraction (the supernatant of a 3000g centrifugation), although in some 8.5
D-galaCtUrOniC acid
* Activity in relative viscosimetric units is the inverse ( x 1000) of the time (min) required to decrease the relative viscosity of 6 ml of a 0.6% solution of sodium polypectate in 50 mM-sodium acetate by 50%. One reducing group activity unit is defined as the amount of enzyme producing 1 pequiv. reducing groups min-l at 30 "C. A high ratio A/B is diagnostic for exo-specific activity; a low ratio A/B is indicative of an endo-specific activity (Cervone et al., 1977) .
instances it also sedimented with the nuclear pellet. The supernatant of the 3000g centrifugation was further fractionated by centrifugation at 17000 g in order to sediment the mitochondria; treatment of the latter pellet with DNAase prior to extraction of mitochondria1 DNA showed that the 46.7 kb circular DNA molecules were not protected against DNAase action, thus suggesting that these molecules are located outside the mitochondria. Mitochondria1 DNA was extracted as linear fragments (Fig. la, track B) .
Total DNA extracts from the Nfxs variant FC3 were also analysed on gels ( Fig. 1 b, track C) . The extra DNA band present in strain FC1 preparations was shown to be absent from the extracts of the variant even when larger amounts of strain FC3 DNA were loaded on the gels. Similar results (now shown) were obtained on analysis of other independently isolated Nfxs variants.
Total DNAs from both strains were analysed by CsCl/ethidium bromide density gradient centrifugation. The region of the gradients supposedly containing supercoiled DNA was observed under the electron microscope. Only extracts from strain FC1 exhibited the 46.7 kb circular DNA molecule shown in Fig. 2 . The average size of these molecules was 46.67 & 0.6 kb, corresponding to a molecular weight of 30.8 x lo6 or to a length of 15 pm (assuming that 1 pm is equivalent to a molecular weight of 2.07 x lo6). The yield of this DNA was low but could be improved by employing an extraction procedure involving the use of liquid nitrogen.
Further characterization of strain FC3 Fusarium oxysporum is reported to segregate so-called 'purple' variants, which are also altered in phytopathogenicity (Leary & Endo, 1971) , at a frequency comparable to that found for spontaneous Nfxs variants. On plating the Nfxs variants on oatmeal agar at 33 "C, we found that these were also purple. Furthermore, a purple variant isolated as such was found to be sensitive to nifuroxime.
The pathogenicity of the Nfxs strain FC3 was checked by inoculating a tomato cultivar susceptible to strain FC1. Strain FC3 was unable to produce wilt symptoms several months after inoculation.
Strain FC3 was also unable to grow on polypectate gel plates without a lag period, whereas strain FC1 grew normally. The inability to grow on polypectate plates reflects the absence from strain FC3 of an exopolygalacturonase activity present in strain FC1 grown on glucose as sole carbon source (Table 3) . Both strains produced an endopolygalacturonase activity inducible by D-galacturonic acid (the product of exopolygalacturonase ; Cooper & Wood, 1975) when sodium polypectate plus D-galacturonic acid was used as carbon source. The two enzymic activities (exoand endo-) can be separated in strain FC1 by isoelectrofocusing (F. Cervone, unpublished) . The release of D-galaCtUrOniC acid by the enzymic activities of strain FC1 will seemingly lead to the induction of the endopolygalacturonase activity still present in strain FC3, consequently allowing, after a lag, its growth on polypectate plates.
Sixteen independent Nfxs derivatives were tested for their ability to grow on polypectate media. They were not able to grow in such conditions, thus suggesting that cosegregation of resistance to nifuroxime and the ability to grow on polypectate as a sole carbon source (and thus of expressing an exopolygalacturonase activity) is a general property of these mutants.
DISCUSSION
Wild-type F. oxysporum is resistant to nifuroxime, a nitrofuran derivative which has a wide spectrum of antibiotic activity. Nifuroxime-sensitive variants arise spontaneously at high frequency; this frequency can be increased further by incubation at a supra-optimal temperature but not by treatment with the intercalating dye ethidium bromide. Reversion to nifuroxime resistance has not been observed. Other markers, biochemical as well as morphological, segregate simultaneously with nifuroxime resistance.
These results are consistent with the interpretation that loss of drug resistance is correlated with somatic segregation of an extranuclear factor (Jinks, 1964) . Such an interpretation finds support in the patterns of inheritance presented herewith. We also present circumstantial evidence that concomitant with the loss of nifuroxime resistance is the disappearance from cell extracts of a 46.7 kb circular DNA molecule.
The results obtained suggest that these circular molecules do not sediment with mitochondria, since they are not protected against DNAase digestion. This conclusion cannot be supported by direct comparison of the 46.7 kb circular DNA with mitochondria1 DNA since the latter is extracted as a linear form from the organelles. Thus there is still the possibility that the 46-7 kb DNA is not a plasmid-like element comparable to the yeast 2 pm DNA. However, it is difficult to conceive how cells lacking some mitochondrial DNA are not at an evident growth disadvantage, unless the phenotype of the Nfxs strains is due to DNA rearrangements which by their nature escape detection. A similar complication has been experienced in studies of the filamentous fungus Podospora anserina (Stahl et al., 1980) . Construction of a suitable probe containing a fragment of the 46.7 kb circular DNA is probably the best way to solve the problem of the localization of the circular DNA molecules described here.
A general feature of Nfxs derivatives is their inability to grow on polypectate as a sole carbon source. This defect is probably a consequence of the loss of a constitutive exopolygalacturonase activity. The Nfss strains do retain an endopolygalacturonase activity also present in strain ECl which is inducible by D-galacturonic acid (Cooper & Wood, 1975) . A role in pathogenesis of the latter activity finds support in the literature (Jones et al., 1972) . One might speculate that the exo-specific activity is needed to supply the inducer for the endo-specific activity, for free Dgalacturonic acid is unlikely to be present in the cell walls (Cooper & Wood, 1975) . If so, the Nfxs strains should be altered in phytopathogenicity. In this connection, it may be noted that the variants described here are purple and that purple strains are reported to be impaired in their ability to attack host plants (Leary & Endo, 1971 ; Leary, 1972) . FC3, an Nfxs strain, is avirulent when tested in plants. Although suggestive, this observation requires further substantiation ; only examination of the pathogenicity of the other Nfxs strains will indicate whether resistance to the drug and the ability to parasitize the host do indeed cosegregate.
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